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‘ J ’ h i s  p a p e r  dcscribcs  tbc op t i ca l  syslcm  f o r  t h e  O p t i c a l  C o m m u n i c a t i o n
Demonstrator (0(2)) instrument . W i t h  a n  a p e r t u r e  o f  o n l y  4 inches ,  the  C)CD
instrument is design’cd to demonstrate the capability of
a ground station with a small instrument using optical

communicating from space to
wavelengths.

L  INT!KJDLISX!QN

‘J%C OCD instrument  is  designed to bc a  l abora to ry  demons t ra t ion  b rassboard
with minimum complexity and size. IIowcvcr, the current  design could easi ly bc
upgraded for a high altitude aircraft or space flight demonstration. ‘J’hc operation of
the  OCD ins t rument  cons i s t s  o f  t r ack ing  a  g round  rccciving  s t a t ion  beacon  and
t ransmi t t ing  an  op t i ca l wavelength communications s igna l  back  to  the .  g round
station. ‘1’hc concept is shown in l;igurc  1.

‘J’O min imize  the  siz.c and  complex i ty  o f  the  ins t rument .  t he  same  op t i ca l
clcmcnts  arc used to both transmit and rcccivc  s ignals . An optical block diagram for
the OCD instrument  is  shown in  l;igurc  2. The transmit and rcccivc  signals differ by
64 nm and arc separated in the instrument by a spectral bcamsplittcr. ‘J’hrcc  optical
channels arc provided in the instrument, A transmit channel, a rcccivc  channel  and
a  borcsight  channc]. The transmit channel transmits a modulated solid state laser
signal to the ground rccciving  station. ‘J’hc OCD instrument rcccivc  channel images a
beacon signal  from the ground stat ion on the rcccivc cbanncl  de tec to r  fo r  t r ack ing
and aiming purposes. Some of the energy from the transmit channel is also imaged
on the rcccivc detector via the borcsight  c h a n n e l . ‘J>hc relative position of the two
images on the detector is used to accurately aim the transmit signal at the ground
station. Bccausc of the time it lakes the beacon signal to reach the OCD instrument
and the transmit signal to reach the ground station, aiming of the OCD ins t rumen t
mus t  bc abcad  of the apj)arcnt  posi t ion of  the ground stat ion. The initial acquisition
and  coarse  aimin~  of the OCD instrument  is  achicvcd  us ing  a  two  ax i s  in s t rumen t
gimbal. Prccisc ~igh speed aiming of the transmit signal is a-chicvcd  using a
fast steering mirror  in the transmit  channel .
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“J’hc  optical rcquircrncnts  for the OCD instrument arc shown in l:igurc
s h o w n  a r c  t h e  a s  dcsimcd v a l u e s . Indct)cndcnt  o f  tolcrancin~,  t h e  a s

s,

optical  systcm is diffraction limited in
systcm  is very nearly diffraction limited
lransmit  channe l  and  borcsight  c h a n n e l
by  the  rnovcmcnt o f  the  f a s t  s t ee r ing

two axis

‘3., Also
designed

all channels. W i t h  tolcrancing,  the optical
in all channels. ‘Jlc f ield of  view in the
i s  r e l a t i v e l y  small and is gcncratcd t o t a l l y
mirror. The  f i e ld  o f  v iew in  the  rcccivc
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Figure 1. OCD experiment concept for optical communications from orbit to Earth.
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Figure 2. Optical block diagram for the OCD instrument.
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Figure 3. Optical roquiremonts  for tho C)CD instrument,
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channel  is  much larger  and is  dckrmincd  by the sim of the area dctcctm. liigurc  4
gives the. details of tbc detector mapping, The detector is 100 by 100 pixels. q’hc pixel
si7,c is 0.023 mm square. T h e  ]argc 2.3 mm by 2.3 mm square area is the siz(c  of the
rccc.ivc detector. It dc(crmincs  the f ield of  view of the rcccivc c h a n n e l . The image
of the ground stat ion hcacon  can  in i t i a l ly  f a l l  anywhere  wi th in  th i s  a rea . ‘1’hc
gimbal  tracking  fea tu re  o f  the  OCI1 ins[rumcnt  is capab]c  of m o v i n g  a n d  k e e p i n g  lhc
beacon image within an area 0 .830  mJn by 0.830 mm ccntcrcd  on the rcccive  channe l
axis. The fast steering mirror keeps the borcsight  image. within a similar sized area
ccntcrcd  on the borcsigbt  a x i s . “1’hc ccntcr o f  these  two  a reas  on  the  de tec to r  a rc
nominally offset  by 0.830 mm (400 mrad). When the image of the ground station
beacon  i s  loca ted  on  the  de tec to r  a t  t he  rcfcrcncc  loca t ion  fo r  the  ccntcr of t h e
rcccivc, channel  and the bore.s ight  itnagc  is located on the detector at the rcfcrcncc
l o c a t i o n  f o r  t h e  ccntcr of the borcsig}lt  c}iannc], the transmit channel axis is pointed
prccisc]y  at t}]c g round  s t a t ion . By obscrvirrg  the posi t ion of  the beacon image on
the detector  relat ive to the rcfcrcncc  locat ion for  the ccntcr of the rcccivc c h a n n e l ,
the fast  s teering mirror  can bc moved to corl-cc( the aiming of the transmit  channel
towards the ground station. The  a iming  of t}lc t ransmit  channel  is  indicated by the
position of the borcsight  image on the detector  relat ive to the rcfcrcncc  locat ion for
t h e  ccntcr of the borcsight  c h a n n e l .

‘1’o s o m e  e x t e n t ,  (I)c rcs[rictions  on t h e  o v e r a l l  si~.c of  the instrumc.nt  w e r e  a
factor in the opt ical  design. The desire to keep the instrument small  resul ted in
relat ive fast  opt ics  in the tclcscopc  porlion  of the optical systcm. “Hlc two pa rabo l i c
mirrors arc f/1 .5. In addition, the  l eng th  of the rcccivc channe l  i:nagcr  triplet was
kept shor[ by using a relatively high telephoto ratio of about three to one.

q’hc OCD ins t rumen t  has  a l so  been  des igned  to  bc athcrmal  over a tcmpcralurc
range of 3 1 () dcgrcc  centigrade. ‘1’hc athcrmaliz,ation  i s  p a s s i v e  a n d  i s  achicvcd  b y
the choice of rnatcrials  for both the optical  and mechanical instrument components.
3’}lc tclcscmpc  m i r r o r s  a r c  f u s e d  s i l i c a  w i t h  invar s p a c e r  r o d s . The refractive
clcmcn(s  arc Schol[ PSK 53A and Schot( Ii?, moun ted  in  a luminum bar re l s . Assuming
thermal soak conditions, th i s  combina t ion  o f  ma te r i a l s  g ives  good  athcrmalixation
over  the  r equ i red  fi 10 dcgrcc  cen t ig rade  tcmpcraturc  r a n g e . The  per formance  i s
actually quite good over a muc}l  larger range.

The optical layout of the 00) instrument is shown in Figure 5. ‘1’hc  optical
systems consists  of  Ihrcc  optical  paths or  channels . ‘1’hc th ree  channe l s  a rc  the
transmit channel, the  rc.cc.ivc channe l  and  the  borcsight  c h a n n e l . T h e  bcamsplittcr
optical C] CJllCJlt is  used by al l  three channc]. ~’hc tclcscopc  porlion o f  t h e  o p t i c a l
syslcrn  i s  u s e d  b y  b o t h  t h e  t r a n s m i t  a n d  rcccivc chanrlcls. T h e  rcccivc c h a n n e l
imagcr  triple.t is used by boib rcccivc  c h a n n e l and the borcsight  channe l . ‘J’hc laser
d iode  source ,  f ibe r  op t i c  coup]cr,  relay trip]ct, fasl s t e e r i n g  m i r r o r  a n d  c o l l i m a t o r
doublet  arc  al l  used by both tlm transmit  and borcsight  channe l s . ‘1’hc  rctro-mirror
i s  u s e d  b y  t h e  borcsight  channc,l  a l o n e . All optical clc.mcnts  have  e i the r  f l a t  o r
s p h e r i c a l  o p t i c a l  s u r f a c e s  cxcc.pt  for the I W O  tclcscopc  m i r r o r s  w h i c h  a r c  b o t h
parabo l i c .

The transmit  channel  consists  of  an 844 nm solid state Iascr diode source,  a
s ing le  mode  po la r i za t ion  p rese rv ing  f ibe r  op t i c  coup le r ,  a re lay  t r ip le t ,  a  f a s t
steering mirmr, a  c o l l i m a t o r  d o u b l e t ,  a  spcclral  bc.aJnsl)litlcr and a two mirlor  afocal
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Figure 5. C)CD optical system layout.
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tclcscopc. T h e  tclcscopc,  mi r ro r s  a rc  bo th  pa rabo l i c  and  confoc.al. l’he  tclcscopc
porlion  of t h e  o p t i c a l  systcm  p r o d u c e s a WCII collimated beam that is free of
spherical, coma and astigmatism. ‘1’hc apcrlurc stop for  the t ransmit  channel  is  the
edge of the tclcscopc  primary mirror. ‘1’hc collimator doublet produces a conjugate
image of  the optical  systcm aJ)c]-ture, at  the fast  s teering mirror . ‘1’his  eliminates
beam w a l k  at t h e  p r i m a r y  m i r r o r  whc]] Ihc f a s t  s t e e r i n g  m i r r o r  i s  m o v e d  f o r
pointing or aiming purposes. “1’hc  relay Iriplcl ope ra te s  a t  nea r ly  onc  to  onc  and
irnagcs the fiber optic laser source at the focal plane of the col l imator  doublet . The
firsl clcmcnt of l}ic relay is a zoom clcn)cJIt  that  c a n  b c  m o v e d  t o  m a t c h  t h e
instrument focal ratio to the numerical aperture of the fiber optic coupler. The focal
rat io at  the input  cnd of  the relay tr iplet  can bc adjusted from f/4.O to f/6.O. l’hc
relay operates on-axis and has no field of view. The field of view in t}tc co l l ima to r
d o u b l e t  a n d  afocal  tclcscopc is  gcncratcd b y  t h e  m o v e m e n t  o f  Ihc f a s t  s t e e r i n g
mirror. The beam bctwccn  the collimator dtiublct  and the tclcscopc secondary  mi r ro r
is WCII collimated with very little aberration. T h e  bcamsplittcr  located bctwccn the,
co l l ima to r  doub le t  and  the  afocal  tclcscopc  has  h igh  t r ansmi t t ance  a t  t he  t r ansmi t
w a v e l e n g t h  o f  844 nm and high rcflcc,(ivity  at the rcccivc  wave l e n g t h  of  780  nm.  As
a rc,sull, i n c o m i n g radiat ion from the ground s t a t i o n  b e a c o n  i s  rcflcctcd b y  t h e
bcarnsplittcr  into the rcccivc  channe l  imagcr  t r iplet  opt ics  and onto the dctcc(or.

T h e  rcccivc channc]  c o n s i s t s  o f  t h e  s a m e  t r a n s m i t  c h a n n e l  afocal tclcscopc
a n d  s p e c t r a l  bcarnsplittcr,  a long  wi th  a  na r row band  pass  f i l t e r ,  a  th ree  clcn~cnt
tc]cphoto  imagcr tr iplet  and area detector . ‘J’hc rcccivc channel  images lhc r ad ia t ion
at 780 nm on the rcccivc  channe l  de tec to r . ‘1’hc bcamsplittcr  l o c a t e d  bctwccn t h e
afocal  (clcscopc and  the  imagcr  t r i p l e t  h a s  h i g h reflect ivi ty at  the rcccivc channe l
wavclcng[h  of 780 nm. ‘J’hc narrow band pass filter is used to n)inimiz.c the unwanted
out o f  band  rad ia t ion . l,ikc the lransmit c h a n n e l , t h e ,  b e a m  bctwccn ihc afocal
lclcscopc a n d  t h e .  rccc.ivc channel imagcr lriplct is  WCI1 c o l l i m a t e d  w i t h  l i t t l e
aber ra t ion .

T h e  borcsight  channc] consisls  o f  t h e  t r a n s m i t  c h a n n e l  relay t r i p l e t ,
collimator doublet and spectral bcamsplittcr a s  WC1l  a s  t h e  rcccivc challnc]  n a r r o w
band pass f i l ter , irnagcr  t r ip le t  and  a rea  de tec to r . l’hc  borcsight  c h a n n e l  a l s o
i n c l u d e s  a  rctro-rnirror  that is J1OI a part  of Cilhcr o f  t h e  o t h e r  t w o  Channc]s. The
borcsight  channe l  irnagcs  a  port ion of  the laser  source radiat ion at  844 m on the
rcccivc  channc]  de tec to r . As a result ,  the rcccivc channe l  irnagcr  Iriplcl m u s t  w o r k
at both 780 and 844 nm. To cornpcnsatc  for a small amount  of longitudinal chromatic
a b e r r a t i o n  i n  t h e  rcccivc imagcr  Iriplct, t he  rctro-mirror  is  curved by a f c w  f r i n g e s
across the diameter. l’his rcsul[s  in  the  two  wavclcng(h  t)cing f o c u s e d  a t  t h e  s a m e
l o n g i t u d i n a l  p o s i t i o n  a t  t h e  rcccivc c h a n n e l  d e t e c t o r . Bccausc t h e spectral
bcamsplittcr dots not reflect efficiently at 844 nm, only a  small  portion  of  the laser
sour-cc radiation rcachcs the rcccivc  channel detector. l,ikc the two other  channels ,
the beam bctwccn the coll imator doublet  and the imagcr triplet is WC]] c o l l i m a t e d
wi th  l i t t l e  abcrra(ion.

]iigurc  6  de ta i l s  t he  r equ i red  pc.rforn)ancc, the as designed performance and
the as  designed plus tolcrancing  p e r f o r m a n c e o f  t h e  OCI)  o p t i c a l  systcm. lhc
pcrforlnancc  is  given in terms of Strchl a n d  R M S  wavcfront  error  on axis  and at  fu]]
field. T h e  a s  d e s i g n e d  p l u s tolcrancing  p e r f o r m a n c e cxcccds the  requ i red
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p e r f o r m a n c e  for each charmcl  over the full field of view. ‘1’hc  residual aberrations
arc quite small in each channc]  and consist primarily of high order spherical.

The performance shown in  ]{igurc 6 was achicvcd wi th  reasonab le  to le rances
and a minimum number of  required al ignment adjustments. In genera] ,  the only
alignment adjustments required arc the alignn~cnt of the tclcscopc  secondary  mi r ro r
relat ive 10 the primary mirror,  the al ignment o f  the  f a s t  s t ee r ing  mi r ro r  and  the
relay triplet b a r r e l s  r e l a t i v e  t o  t h e  tclcscopc  and  the  a l ignment  o f  the  borcsight
c h a n n e l  rctro-mirror  to provide the proper offset  at  the detector  bctwccn  the axis of
t h e  borcsight  c h a n n e l  a n d  t h e  rcccivc  channc]. No al ignment or  adjustment  of  the
s p a c i n g  bctwccn  any of the refractive clcmcnts  is  required, Barre] adjustments arc
required only for the transmit relay triplet.
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